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Abstract 
0XOWLHQHUJ\LRQLPSODQWDWLRQKDVEHHQHPSOR\HGWRLQWURGXFHGLIIHUHQWFRQFHQWUDWLRQV
RIQRQPDJQHWLFLRQVLQFOXGLQJDUJRQDUVHQLFDQGNU\SWRQLQWRKLJKTXDOLW\=Q2ILOPV
DQGURRPWHPSHUDWXUHIHUURPDJQHWLVPKDVEHHQREVHUYHGIRU$VDQG.ULPSODQWHG=Q2
ZKLOH QRQH ZDV REVHUYHG IRU$U GRSHG ILOPV 65,0 ZDV DGRSWHG WR VLPXODWH WKH
GLVWULEXWLRQV RI WKH LPSODQWHG LRQV WKH LQGXFHG ]LQF DQG R[\JHQ YDFDQFLHV DQG WKH
UHVXOWLQJ LQWHUVWLWLDOV 7KH DWRPLF GLVSODFHPHQWV SHU DWRP GSD ZDV FDOFXODWHG WR
TXDQWLI\WKHSULPDU\UDGLDWLRQGDPDJHSURGXFWLRQ2XUUHVXOWVVKRZWKDWWKHREVHUYHG
PDJQHWLFPRPHQWPHDVXUHGDWORZWHPSHUDWXUHVGXHWRLPSODQWDWLRQZLWKDJLYHQLRQ
LVSURSRUWLRQDOWRWKHGSD7KHFRQVWDQWRISURSRUWLRQDOLW\EHWZHHQWKHPDJQHWLVPDQG
WKHGSDGHSHQGVRQWKHLPSODQWHGLRQ7KLVFRQVWDQWLVODUJHVWIRUKHDY\ODUJHLRQV7R
REWDLQURRPWHPSHUDWXUHGPDJQHWLVPLQ=Q2QRQPDJQHWLFLRQVZLWKKLJKPDVVDUH
VXJJHVWHGWREHLPSODQWHGLQWR=Q2ILOPV  
 
 
Keywords: ,RQLPSODQWDWLRQGPDJQHWLVP, ZnO, RT IHUURPDJQHWLVPGHIHFWV 
 
 
 
 ? 
 
1. Introduction 
7KH SURFHVVLQJ DQG WUDQVPLVVLRQ RI LQIRUPDWLRQ EDVHG RQ VHPLFRQGXFWRUV
FXUUHQWO\RQO\XVHVWKHFKDUJHGHJUHHIUHHGRPRIWKHHOHFWURQV0HDQZKLOHWKHVWRUDJH
RILQIRUPDWLRQEDVHGRQPDJQHWLFPDWHULDOVRQO\XVHVWKHVSLQGHJUHHRIIUHHGRPRIWKH
HOHFWURQV >@ ,W ZLOO EULQJ JUHDW EUHDNWKURXJKV WR LQIRUPDWLRQ WHFKQRORJ\ LI WKH
HOHFWURQV¶VSLQDQGFKDUJHGHJUHHVRIIUHHGRPFDQEHFRQWUROOHGVLPXOWDQHRXVO\WKLVLV
NQRZQDVVSLQWURQLFV'LOXWHGPDJQHWLFVHPLFRQGXFWRUV'06VDUHDQH[DPSOHRID
PDWHULDO ZKLFK FDQ VKRZ ERWK VHPLFRQGXFWLQJ DQG PDJQHWLF SURSHUWLHV 6LQFH WKH
WKHRUHWLFDO SUHGLFWLRQ RI D SRVVLEOH URRP WHPSHUDWXUH IHUURPDJQHWLVP LQ 0QGRSHG
=Q2 >@ =Q2EDVHG GLOXWH PDJQHWLF VHPLFRQGXFWRUV KDYH DWWUDFWHG PXFK DWWHQWLRQ
RYHU WKHSDVW GHFDGH GXH WR WKHLUSRWHQWLDO DSSOLFDWLRQV LQ VSLQWURQLFGHYLFHV0DQ\
VWXGLHVKDYHVKRZQWKDWWKHLQFOXVLRQRIGWUDQVLWLRQPHWDOGRSDQWVLQ=Q2OHDGVWR
IHUURPDJQHWLVP DW URRP WHPSHUDWXUH7KH G WUDQVLWLRQ PHWDO LRQV FRQWDLQXQSDLUHG
HOHFWURQVZKLFKFDQSURYLGHWKHPDJQHWLFGLSROHPRPHQWV>@  
,QUHFHQW\HDUVIHUURPDJQHWLVPKDVDOVREHHQDFKLHYHGLQ=Q2ZKLFKZDVHLWKHU
XQGRSHGRUGRSHGZLWKDQRQPDJQHWLFLRQ>@7KLVLVNQRZQDVGIHUURPDJQHWLVP
,W KDV EHHQ IRXQG WKDW GIHUURPDJQHWLVP LV VWURQJO\ FRUUHODWHG ZLWK ORZ FU\VWDOOLQH
TXDOLW\ EHFDXVH defects play an important role in establishing the long-range 
ferromagnetism >@+RZHYHUWKHRULJLQRIWKHPDJQHWLVPUHPDLQVFRQWURYHUVLDODV
LWPD\EHGXHWRSDUWLFXODUSRLQWGHIHFWVRUWRWKHUHJLRQVLQWKHJUDLQERXQGDULHV  
,Q WKLVSDSHUKLJKTXDOLW\=Q2ILOPVKDYHEHHQSUHSDUHGE\ UISODVPDDVVLVWHG
PROHFXODUEHDPHSLWD[\RQVDSSKLUHVXEVWUDWHVDQGLRQLPSODQWDWLRQKDVEHHQDGRSWHG
WRLQWURGXFHQRQPDJQHWLFLRQVLQWRWKHVHILOPVLQRUGHUWRDVVHVVWKHHIIHFWVRIGHIHFWV
RQ PDJQHWLVP ,RQ LPSODQWDWLRQ LV D QRQHTXLOLEULXP DQG UHSURGXFLEOH DSSURDFK WR
LQWURGXFHGRSHGHOHPHQWVDQGGHIHFWVLQWRFU\VWDOOLQHPDWHULDOV$FFHOHUDWHGLRQVZLOO
OHDYH D WUDLO RI DWRPV GLVSODFHG IURP WKHLU HTXLOLEULXP ODWWLFH VLWHV WKXV FUHDWLQJ
YDFDQFLHV LQWHUVWLWLDOV RU DQWLVLWHV EHIRUH WKH\ ILQDOO\ FRPH WR UHVW DQG EHFRPH D
QRQPDJQHWLFGRSDQW6LQJOHHQHUJ\LRQLPSODQWDWLRQKDVDQHDU*DXVVLDQGLVWULEXWLRQ
DQGLQRXUH[SHULPHQWVDVHTXHQFHRIIRXULPSODQWDWLRQHQHUJLHVZDVXVHGWRSURGXFH
DQHDUO\ER[OLNHGLVWULEXWLRQRIGRSHGLRQVWKURXJKRXWDJLYHQGHSWKLQWKHILOPV7KH
 ? 
 
HYROXWLRQRIVWUXFWXUHRSWLFDODQGPDJQHWLFSURSHUWLHVIRU$VDQG.ULPSODQWHG=Q2
ILOPV KDV EHHQ VWXGLHG H[SHULPHQWDOO\ >@7R VWXG\ WKH HIIHFWV RI LRQ PDVV RQ
PDJQHWL]DWLRQPXOWLHQHUJ\$ULPSODQWDWLRQKDVEHHQFDUULHGRXWWRLQWURGXFHVLPLODU
FRQFHQWUDWLRQVRI$UDV.UEXWQRPDJQHWLVPZDVREVHUYHGIRU$UGRSHG=Q2ILOPV,Q
WKLVSDSHUZHXVHGWKH0RQWH&DUORVLPXODWLRQFRGHQDPHG6WRSSLQJDQG5DQJHRI
,RQVLQ0DWHULDOV65,0WRVLPXODWHWKHGLVWULEXWLRQVRIWKHPXOWLHQHUJ\LPSODQWHG
LRQV DQG WKH LPSODQWDWLRQ LQGXFHG ]LQF DQG R[\JHQ YDFDQFLHV DQG LQWHUVWLWLDOV $
FRPPRQUDGLDWLRQGDPDJHSDUDPHWHUNQRZQDVDWRPLFGLVSODFHPHQWVSHUDWRPGSD
ZKLFK LV GHILQHG DV WKH DYHUDJH QXPEHU RI GLVSODFHPHQWV SHU DWRP LQ WKH WDUJHW
SURGXFHGE\DJLYHQUDGLDWLRQIOXHQFHZDVFDOFXODWHGWRVHUYHDVDVWDQGDUGPHDVXUHRI
SULPDU\ UDGLDWLRQ GDPDJH SURGXFWLRQ 2XU UHVXOWV VKRZ WKDW WKH REVHUYHG PDJQHWLF
PRPHQW PHDVXUHG DW ORZ WHPSHUDWXUHV GXH WR LPSODQWDWLRQ ZLWK D JLYHQ LRQ LV
SURSRUWLRQDOWRWKHGSD7KHFRQVWDQWRISURSRUWLRQDOLW\EHWZHHQWKHPDJQHWLVPDQGWKH
GSDGHSHQGVRQWKHLPSODQWHGLRQ7KLVFRQVWDQWLVODUJHVWIRUKHDY\ODUJHLRQV7KLV
PD\EHFDXVHLRQVZLWKDODUJHPDVVDQGUDGLXVLPSODQWHGLQWRWKHJUDLQVPD\FDXVHD
PDUNHG JUDLQ IUDJPHQWDWLRQ OHDGLQJ WR DQ LQFUHDVH LQ WKH YROXPH RI WKH VDPSOH
RFFXSLHG E\ JUDLQ ERXQGDULHV >@ $OWKRXJK WKH GSD LV FRPPRQO\ XVHG DV D
TXDQWLWDWLYH PHDVXUHRIUDGLDWLRQGDPDJHDQGLRQLPSODQWDWLRQLQGXFHGGPDJQHWLVP
KDVRIWHQEHHQREVHUYHGH[SHULPHQWDOO\WKHUHDUHFXUUHQWO\QRUHSRUWVRQWKHUHVXOWVRI
DVWXG\RIWKHUHODWLRQVKLSEHWZHHQWKHYDOXHRIWKHGSDDQGWKHPDJQLWXGHRIPDJQHWLVP
IRULRQVLPSODQWHGLQWR=Q2ILOPV7KLVVWXG\LVDOVRWKHILUVWWRLQYHVWLJDWHWKHHIIHFWV
RIWKHPDVVRIWKHLPSODQWHGLRQVRQWKHGDSDQGPDJQHWLVP 
 
 2. Experimental details 
A RF plasma-assisted molecular beam epitaxy (MBE) system was used to grow 
high quality O-polar ZnO films of 300-400 nm on sapphire substrates [11,13]. The c 
plane of sapphire substrates were exposed to an oxygen plasma (270 W/1.5 sccm) at 
500 ć for 30min to obtain a uniform oxygen terminated surface. After that, a thin  
   Table 1 The implantation parameters and magnetization for samples 1 to 9.  
 ? 
 
Samples ion
s 
Energies 
(keV) 
Fluence 
(cm-2) 
Concentr
ation  
(cm-3) 
Magnetization 
(emu/cm-3) Maximum 
dpa 
 5K      300K 
Sample 1 As 
400 
200 
100 
30 
1×1013 
3×1012 
2×1012 
1×1012 
8×1017     ?േ  ? ?    ?േ  ? ? 0.0254 
Sample 2 As 
400 
200 
100 
30 
1×1014 
3×1013 
2×1013 
1×1013 
8×1018  ?േ  ? ?    ?േ  ? ?   0.254 
Sample 3 As 
400 
200 
100 
30 
1×1015 
3×1014 
2×1014 
1×1014 
8×1019  ? ?േ  ? ?   ? ?േ  ? ? 2.54 
Sample 4 Kr 
200 
150 
80 
30 
2.5×1014 
5×1013 
7.5×1013 
5×1013 
5×1019  ?േ  ? ?     ?േ  ? ? 0.865 
Sample 5 Kr 
200 
150 
80 
30 
5×1014 
1×1014 
1.5×1014 
1×1014 
1×1020  ? ?േ  ? ?    ? ?േ  ? ? 1.73 
Sample 6 Kr 
200 
150 
80 
30 
2.5×1015 
5×1014 
7.5×1014  
5×1014 
5×1020  ? ? ?േ  ? ?    ? ? ?േ  ? ? 8.65 
Sample 7 Ar 
200 
150 
80 
30 
5×1014 
1.5×1014 
2.5×1014 
8×1013 
5×1019  ?േ  ? ?     ?േ  ? ? 0.678 
Sample 8 Ar 
200 
150 
80 
30 
1×1015 
3×1014 
5×1014 
1.6×1014 
1×1020  ?േ  ? ?     ?േ  ? ? 1.356 
Sample 9 Ar 
200 
150 
80 
30 
5×1015 
1.5×1015 
2.5×1015 
8×1014 
5×1020  ?േ  ? ?     ?േ  ? ? 6.78 
 
 
 ? 
 
MgO buffer layer was prepared at 500 ć, which was followed by a ZnO buffer layer 
and epilayer growth at 450 ć and 650 ć respectively. O-polar films were used 
because it is known that these films absorb impurities more readily [14]. Argon, 
arsenic and krypton ions were introduced into ZnO films using ion implantation. In 
order to get a uniform distribution of implanted ions near the film surface, we adopted 
a multi-energy implantation procedure at room temperature. A sequence of four 
energies (NH9NH9 NH9DQGNH9IRU$VDQGNH9NH9NH9
DQGNH9IRU$UDQG.UZHUHXVHGDQG three samples for each type of dopants with 
different concentrations were made. Sample 1 to sample 3 were doped with As ions, 
sample 4 to sample 6 were doped with Kr ions and sample 7-9 were implanted with 
Ar ions. Detailed ion implantation parameters (implantation energies, fulences, and 
concentrations) for all the samples are shown in Table 1. A superconducting quantum 
interference device (SQUID, Quantum Design, MPMS) magnetometer was employed 
to characterize the magnetic properties for all the samples at 5 K and 300 K and also 
unimplanted films so that background signal could be subtracted. The magnetization 
is measured in emu, M0, in a film of area A, magnetization per unit volume is defined 
as 0
M
m
Ad
  emu/cm3. Here d is the approximate thickness of the implanted region, 
which is obtained by the distributions of implanted ions by SRIM calculations. The 
magnetization for all the samples are also shown in Table 1.  
3. Results and discussions 
,WLVZHOONQRZQWKDWGHIHFWVSOD\DQLPSRUWDQWUROHLQWKHREVHUYHGPDJQHWLVPRI
QRQPDJQHWLFLRQVGRSHG=Q2$OWKRXJKVWUXFWXUHFKDUDFWHUL]DWLRQVKDYHEHHQFDUULHG
RXWLQPDQ\OLWHUDWXUHVWRFKDUDFWHUL]HWKHPDJQHWLF=Q2>@LWVWLOOUHPDLQV
GLIILFXOWWRKDYHDSUHFLVHH[SHULPHQWDOO\FKDUDFWHUL]DWLRQRISRLQWGHIHFWVLQWKHGRSHG
=Q265,0ZDVZULWWHQWRSHUPLWWKHFDOFXODWLRQRILRQGHSRVLWLRQSURILOHVLQPDWHULDOV
H[SRVHGWRHQHUJHWLFEHDPVRILRQV>@,WFDQDOVREHXVHGWRVLPXODWHWKHGDPDJH
LQ WKH WDUJHWGXH WR LPSODQWDWLRQ ,Q WKLVSDSHUZHXVHG65,0 WRVLPXODWH WKH
GLVWULEXWLRQRILPSODQWHGLRQVDQGLPSODQWDWLRQLQGXFHGGDPDJHLQ$U$VDQG.UGRSHG
=Q2ILOPV7KHUHDUHWZRVXEURXWLQHVLQ65,0PDLQPHQX³6WRSSLQJ5DQJH7DEOHV´
DQG³75,0FDOFXODWLRQV´7KHILUVWVXEURXWLQHDOORZVWKHUDSLGFDOFXODWLRQRILRQUDQJHV
RYHUDODUJHEDQGRILRQHQHUJLHVEDVHGRQWKHWUDQVSRUWHTXDWLRQDSSURDFK7KHODWWHU
LV D 0RQWH&DUOR FDOFXODWLRQ ZKLFK IROORZV WKH LRQ LQWR WKH WDUJHW PDNLQJ GHWDLOHG
 ? 
 
FDOFXODWLRQVRIWKHHQHUJ\WUDQVIHUUHGWRHYHU\WDUJHWDWRPFROOLVLRQ,QWKLVSDSHUDOO
RXUVLPXODWLRQUHVXOWVDUHEDVHGRQ³75,0FDOFXODWLRQV´7KH WKUHVKROGHQHUJLHVIRU
DWRPLFGLVSODFHPHQWVRI=QDQG2DWRPVDUHVHWWREHH9DQG H9UHVSHFWLYHO\
ZKLFK ZHUH GHWHUPLQHG H[SHULPHQWDOO\ DV WKH DYHUDJH RYHU WKH GLUHFWLRQVSHFLILF
WKUHVKROGVREWDLQHGZLWKLQWKHDQJXODUZLQGRZIRU=Q2LUUDGLDWLRQDW.>@ 
:HILUVWVLPXODWHGWKHGLVWULEXWLRQVRILPSODQWHGLRQVE\XVLQJ75,0FDOFXODWLRQ
$VH[DPSOHVWKHGLVWULEXWLRQVRIPXOWLHQHUJ\LPSODQWHGLRQVIRUVDPSOHVDPSOH
DQGVDPSOHDUHVKRZQLQ)LJ$VFDQEHVHHQE\XVLQJDVHTXHQFHRIIRXUHQHUJ\
LRQLPSODQWDWLRQVDWRWDO$VLPSODQWVUDQJHWRDERXWQPLQGHSWKZLWKDQHDUO\HYHQ
FRQFHQWUDWLRQRIDERXWhFPIURPWKHILOPVXUIDFHWRDERXWQPLQGHSWK
)RUWKHPXOWLHQHUJ\.UGRSHG=Q2WKHLPSODQWVUDQJHWRDERXWQPLQGHSWKZLWK
DFRQFHQWUDWLRQRIhFPIURPQPWRQPLQGHSWK)RUWKHPXOWLHQHUJ\$U
GRSHG=Q2WKHLPSODQWVUDQJHWRDERXWQPZLWKDFRQFHQWUDWLRQRIhFP
IURP  QP WR  QP7KH LRQ GLVWULEXWLRQ SURILOHV DUH VLPLODU WR WKH VXP RI WKH
LQGLYLGXDO *DXVVLDQ GLVWULEXWLRQV IRU HDFK LPSODQWDWLRQ HQHUJ\>@ ZKHUH WKH
SURMHFWHGUDQJH pR GHSWKRIWKHSHDNFRQFHQWUDWLRQDQGORQJLWXGLQDOVWUDJJOH pR' DWD
FHUWDLQ HQHUJ\ ZHUH UDSLG FDOFXODWHG XVLQJ WKH ³6WRSSLQJ5DQJH 7DEOHV´ PRGXOH LQ
65,0 DQG WKH LRQ GLVWULEXWLRQ ZLWK LPSODQWDWLRQ IOXHQFH ĭ FDQ EH H[SUHVVHG DV
2
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LVZLGHO\XVHGWRGHVLJQWKHPXOWLHQHUJ\LPSODQWDWLRQSDUDPHWHUVWRJLYHDGHVLUHGLRQ
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Fig. 1 (Color on line) (a) TRIM simulated As distribution in ZnO of sample 3; (b) TRIM 
simulated Kr distribution in ZnO of sample 6; (c) TRIM simulated Ar distribution in ZnO of 
sample 9.  
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The depth profiles of the summed Zn/O vacancies and interstitials for sample 3, 
sample 6 and sample 9 are shown in Fig.2. As can be seen, the depth distribution ranges 
of Zn/O vacancies and interstitials are similar to the implanted ion distributions shown 
in Fig.1, but the damage distributions are not as even as the ion distributions. For As 
doped ZnO, the damage peak is from 30 nm to 80 nm in depth, and for Kr and Ar doped 
films, they are from 20 to 40 nm and 30 to 70 nm, respectively. Our results show that 
the damage occurred as the implanted ions slowed down and hence was in a region that 
was closer to the sample surface than the average depth of the implanted ions. Also can 
be seen is that more Zn vacancies and interstitials are produced by implantation than O 
vacancies and interstitials, with a ratio of about 1.8, which may because of that the 
energy of a displaced Zn is lower than that of O, i.e., 34 eV versus 44 eV. The 
theoretical peak for the vacancy concentration is of order of 1023 vacancies/cm3, which 
is unrealistic and occurs because SRIM simulates the primary radiation damage 
production and does not consider the recombination of the resultant vacancies and 
interstitials. It is believed that 99% of the Frenkel pairs recombine instantly, leaving 
only 1% damage [23]. Taking this into account, the peak vacancy density is estimated 
to be of the order of 1021 vacancies/cm3. Structural characterization of the implanted 
film confirm that it is certainly damaged but the implanted layer is not amorphous, as 
would be for a vacancy concentration of 1023cm-3[11-13].  
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Fig. 3 (Color on line) SRIM simulated vacancy and interstitial distributions for (a)As doped-
ZnO of sample 3; (b) Kr doped ZnO of sample 6; (c)Ar doped ZnO of sample 9 
 
7KHUDGLDWLRQGDPDJHHIIHFWVGXHWRGLIIHUHQWLPSODQWDWLRQFRQGLWLRQVLVFRPSDUHG
XVLQJDQDQDO\VLVRIWKHQXPEHURIGSDZKLFKSURYLGHVDFRPPRQEDVLVRIFRPSDULVRQ
RI WKH GDPDJH REWDLQHG GXH WR GLIIHUHQW LRQV$V .U DQG$U LPSODQWHG DW GLIIHUHQW
HQHUJLHV  
7KHIRUPXODWRFDOFXODWHGSDLQLRQLPSODQWDWLRQLV 
 
2(ions/cm )dpa
N
J) u                (1) 
Where ĭ is the implantation fluence, Ȗ is the number of displacements produced byD
SULPDU\NQRFNRQatom (PKA), which can be found in the TRIM output ILOH, and N is 
the atomic density, N=8.3×1022 atoms/cm3 for ZnO. 
The number of displacements can DOVREHFDOFXODWHGIURPWKHGDPDJHHQHUJ\XVLQJ 
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tKHLQWHUQDWLRQDOO\UHFRJQL]HGVWDQGDUGPHWKRG157PRGHO$FFRUGLQJWR157PRGHO
WKHWRWDOQXPEHURIGLVSODFHPHQWVSURGXFHGE\DPKA can be expressed as [24,25]:  
0.8
2
dam
d
T
E
J  
               (2) 
Where Tdam is the damage energy DQGUHSUHVHQWVWKHSRUWLRQRIWKH3.$HQHUJ\
WKDWLVGLVVLSDWHGLQHODVWLFFROOLVLRQVZLWKDWRPs in the lattice. With the lattice binding 
energy set to zero, WKHGDPDJHHQHUJ\LVVLPSO\WKHHQHUJ\equal to the initial ion energy 
minus the energy dissipated in ionization [24]. )RU³75,0FDOFXODWLRQV´WKHUHDUHWZR
EDVLFRSWLRQVQDPHG³'HWDLOHG&DOFXODWLRQZLWKIXOO'DPDJH&DVFDGHV´DQGWKH³,RQ
'LVWULEXWLRQDQG4XLFN&DOFXODWLRQRI'DPDJH´7KHILUVWRSWLRQLVUHIHUUHGWRDV)XOO
&DVFDGH )& DQG LW IROORZV HYHU\ UHFRLO XQWLO LWV HQHUJ\ GURSV EHORZ WKH ORZHVW
GLVSODFHPHQWHQHUJ\RIDQ\WDUJHWDWRPKHQFHDOOFROOLVLRQDOGDPDJHWRWKHWDUJHWLV
LQFOXGHG7KHODWWHUJLYHVTXLFNVWDWLVWLFDOHVWLPDWHVEDVHGRQWKH.LQFKLQ3HDVHPRGHO
UHIHUUHG WR DV .3 RSWLRQ 6WROOHU HW DO LQYHVWLJDWHG WKH GLIIHUHQFHV LQ FDOFXODWLQJ
GLVSODFHPHQWVE\XVLQJWKHVWDQGDUG157PRGHO65,0EDVHGGLVSODFHPHQWDQG0'
FDOFXODWLRQDQGUHFRPPHQGHGWKDWGLVSODFHPHQWIURPGDPDJHHQHUJ\ZLWK.3RSWLRQ
LV WKH EHVW FKRLFH IRU GSD FDOFXODWLRQ E\ XVLQJ 65,0 VLPXODWLRQ >@ $V WKHLU
FDOFXODWLRQVEDVHGRQLURQDQGQLFNHOWDUJHWWRWHVWWKHGLIIHUHQFHIRULRQVLPSODQWHGLQ
FRPSRXQGVHPLFRQGXFWRUVFDOFXODWLRQVZHUHFDUULHGRXWIRU=Q2LPSODQWHGZLWK$V
.UDQG$ULRQVIRUDUDQJHRIHQHUJLHVDVLVVKRZQLQ7DEOH,WFDQEHVHHQWKDWWKH
QXPEHURIGLVSODFHPHQWVSHULRQVREWDLQHGIURP75,0FDOFXODWLRQZLWK)&RSWLRQLV
PXFK ODUJHU WKDQ WKDW ZLWK .±3 RSWLRQ ZLWK D IDFWRU RI DERXW  However, the 
GLVSODFHPHQWVFDOFXODWHGIURP damage energy with these two options are almost the 
same, with a ratio of 1.05-1.06. This is VLPLODUZLWK WKHSUHYLRXV UHVXOWVRI)H LRQV
LPSODQWHGLQWRSXUHLURQDQG+HLRQVLPSODQWHGLQWRQLFNHOZKHUHWKHODUJHUIDFWRULV
DERXWDQGWKHVLPLODURQHLVWR>@,QWKHIROORZLQJGSDFDOFXODWLRQZH
IROORZHG WKHUHFRPPHQGDWLRQVJLYHQE\ WKHDXWKRUV LQ5HI >@DQGFDOFXODWHG WKH
GLVSODFHPHQWIURPGDPDJHHQHUJ\ZLWK.3RSWLRQ 
)LJVKRZVWKHGHSWKGHSHQGHQFHRIGSDIRUVDPSOHVDPSOHDQGVDPSOH$V
FDQEHVHHQVDPSOHKDVDPXFKEURDGHUGSDGLVWULEXWLRQZLWKDPD[LPXPGSDYDOXH
RI  ZKLFK LV D OLWWOH ELW VPDOOHU WKDQ VDPSOH  EXW PXFK ELJJHU WKDQ VDPSOH 
648,'PHDVXUHPHQWVVKRZWKDWFRQVLGHUDEOHURRPWHPSHUDWXUHIHUURPDJQHWLVPKDV
EHHQ REVHUYHG IRU VDPSOH  DQG VDPSOH  ZKLOH QRQH IRU VDPSOH  ,W VHHPV WKDW
 ? ? 
 
DOWKRXJKPDJQHWLVPRULJLQDWHIURPUDGLDWLRQGDPDJHIRUQRQPDJQHWLFLRQVLPSODQWHG
=Q2 ILOPV PDJQHWL]DWLRQ LV QRW VROHO\ GHWHUPLQHG E\ GSD DQG LW DOVR KDV D FORVH
UHOHYDQFHWRWKHLPSODQWHGLRQVLWVHOI  
Table 2 Damage calculations for sample 3, sample 6 and sample 9 using SRIM-2008. 
Incident 
ion and 
energy 
(kev) 
Calculation 
option in 
SRIM 
Displacements from TRIM Displacements from Damage energy 
Integration of 
YDFDQF\ 
F±C to K±P 
ratio 
Ȗ , Eq.(2) F±C to K±P ratio 
As, 400 
F-C 371 
1.49 
248 
1.05 
K-P 249 236 
As, 200 
F-C 202 
1.49 
135 
1.05 
K-P 135 128 
.U F-C 199 1.50 133 1.06 
K-P 132 125 
Kr, 30 
F-C 32 
1.60 
21 
1.05 
K-P 20 20 
Ar, 200 
F-C 157 
1.47 
106 
1.03 
K-P 107 103 
Ar, 30 
F-C 30 
1.50 
20 
1.00 
K-P 20 10 
 
 
 
 
 
 
 
 
)LJ&RORURQOLQHThe depth dependence of dpa by SRIM simulation using K-P options 
with displacement obtained from damage energy for sample 3, sample 6 and sample 9. 
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GHSHQGHQFHRIVDWXUDWLRQPDJQHWL]DWLRQ0VDW.RQWKHFRUUHVSRQGLQJPD[LPXPGSD
REWDLQHGIURPWKHLQGHSWKSURILOHLQ)LJ/LQHDUILWVRI0VYHUVXVGSDIRUHDFKNLQG
RILRQLPSODQWHGVDPSOHVDUHDOVRJLYHQ7KHOLQHDUILWRFFXUVIRUVDPSOHVWKDWUHWDLQ
WKHLUFU\VWDOOLQLW\DVZDVIRXQGKHUHDQGVKRXOGEUHDNGRZQVKRXOGWKHILOPEHFRPH
DPRUSKRXV$VXPPDU\RIGDPDJHDQGPDJQHWL]DWLRQIRUVDPSOHDW.ZHUHDOVRJLYHQ
LQ7DEOH:HXVHGWKHYDOXHVRIWKHPDJQHWL]DWLRQDW.EHFDXVHWKHFDOFXODWLRQVRI
GSDSHUIRUPHGE\75,0GRQRWLQFOXGHWHPSHUDWXUHHIIHFWV$VFDQEHVHHQIURP)LJ
IHUURPDJQHWLVPKDVEHHQREVHUYHGIRUNU\SWRQDQGDUVHQLFLPSODQWHG=Q2VDPSOHVDQG
WKH VDWXUDWLRQ PDJQHWL]DWLRQ LQFUHDVHV ZLWK WKH LQFUHDVH RI FRQFHQWUDWLRQ RI WKH
LPSODQWHG LRQV =Q2 VDPSOHV GRSHG ZLWK$U KDYH VLPLODU GSD ZLWK .U EXW DUH QRW
PDJQHWLF ,W VHHPV WKDW 0V GHSHQGV RQ WKH GSD IRU D JLYHQ LPSODQWHG LRQ EXW WKH
FRQVWDQW RI SURSRUWLRQDOLW\ PXVW GHSHQG RQ WKH PDVV RU VL]H RI WKH LPSODQWHG LRQ
6LPLODUUHVXOWVKDYHEHHQREWDLQHGIRULRQLPSODQWHGVLQJOHFU\VWDOOLQH6U7L2ZKHUH
WKHDXWKRUVVKRZHGWKDWQRUHODWLRQEHWZHHQWKHRFFXUULQJRIIHUURPDJQHWLVPDQGWKH
QXPEHURIWRWDODWRPLFGLVSODFHPHQWVLQWURGXFHGE\LPSODQWDWLRQRIGLIIHUHQWLRQV>@  
 2XUUHVXOWVSURYHGWKDWPDJQHWL]DWLRQKDVDFORVHUHOHYDQFHWRWKHSURSHUWLHVRI
LPSODQWHGLRQV%LJPDJQHWL]DWLRQFDQEHUHDOL]HGIRUKHDY\LRQVLPSODQWHGLQWR=Q2
ILOPV7KLVPD\EHFDXVHRIWKDWKHDY\LRQVPLJKWFDXVHDPDUNHGJUDLQIUDJPHQWDWLRQ
ZKHQ LPSODQWHG LQWR WKHJUDLQV OHDGLQJ WR DQ LQFUHDVH LQ WKHYROXPHRI WKH VDPSOH
RFFXSLHG E\ JUDLQ ERXQGDULHV ,W KDV EHHQ VKRZQ WKDW WKH JUDLQ ERXQGDULHV WKDW DUH
SURGXFHGDVDUHVXOWRILRQLPSODQWDWLRQDUHPRUHHIILFLHQWDWJHQHUDWLQJPDJQHWLVPWKDQ
SRLQWGHIHFWV >@7RREWDLQ URRP WHPSHUDWXUHGPDJQHWLVP LQ=Q2QRQPDJQHWLF
LRQVZLWKKLJKPDVVDUHVXJJHVWHGWREHLPSODQWHGLQWR=Q2ILOPV 
$OVRLWVKRXOGEHSRLQWHGRXWWKDW65,0VLPXODWHVWKHSULPDU\UDGLDWLRQGDPDJH
SURGXFWLRQDQGWKHVXEVHTXHQWUHDFWLRQEHWZHHQWKHGHIHFWVDQGWKHLQIOXHQFHRI=Q2
VXUIDFHSRODULW\RQGDPDJHDQGPDJQHWLVPFRXOGQRWEHFRQVLGHUHGKHUH6RPHRIWKHVH
GHIHFWV FDQ MRLQ XS WR JLYH JUDLQ ERXQGDULHV DQG WKLV ZLOO FHUWDLQO\ LQIOXHQFH WKH
UHVXOWDQWGPDJQHWLVP  
:HFDQUHODWHWKHREVHUYHGPDJQHWL]DWLRQ0 WRWKHPDJQHWL]DWLRQLQGXFHGE\
HDFKLPSODQWHGLRQTPB)RUDIOXHQFHĭRYHUDQDUHD$WKHYDOXHRITLVJLYHQE\
0
B
Mq
A P )   7KHYDOXHVIRXQGIRUVDPSOHVDUHUHVSHFWLYHO\7KHVH
QXPEHUVDUH WRR ODUJH WREHDVVRFLDWHGZLWKDVLQJOHGHIHFWVWDWHDVVRFLDWHGZLWK WKH
 ? ? 
 
LPSODQWHG LRQDQGDULVH IURPWKHPDQ\GHIHFWV IRUPHGDV WKH LPSODQWHG LRQV WUDYHOV
WKURXJKWKHILOP 
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 )LJ0VYVWKHFRUUHVSRQGLQJPD[LPXPGSDIRUVDPSOHWRDQGWKHOLQHDUILWVIRUHDFK
NLQGRILRQLPSODQWHGVDPSOHV 
 
Table 3 Summary of the results for damage and magnetization for sample 3, sample 6 and 
sample 9 
 Sample 3, As (75) Sample 6, Kr 
(84) 
Sample 9, Ar 
(40) 
Concentration(cm-3)  8×1019 50×1019 50×1019 
Total fluence (cm-2) 16×1014 42.5×1014 98×1014 
Zn vacancies nZn (cm-3) 1.8×1023 6×1023 5.2×1023 
O vacancies no(cm-3) 1.2×1023 3.5×1023 3×1023 
Maximum dpa 2.5 8.7 6.7 
Ms (T=5K) (emu.cm-3) 15  186 ~0 
 
4. Conclusions 
 ? ? 
 
We have done the first systematic study of ion implantation in ZnO and its effects on 
magnetism. We used 3 different ions to implant into ZnO films deposited by rf-plasma 
assisted MBE. The magnetic properties of the samples were characterized by using a 
high sensitive SQUID. Considerable room temperature ferromagnetism has been 
observed for heavily As and Kr doped ZnO samples while not for Ar doped samples 
with similar damage distributions. 2XUUHVXOWVVKRZWKDWWKHUHLVDVWURQJGHSHQGHQFH
IRU PDJQHWLVP RQ WKH W\SH RI LRQ DV ZHOO DV WKH LRQV FRQFHQWUDWLRQ 7KH REVHUYHG
PDJQHWLFPRPHQWPHDVXUHGDWORZWHPSHUDWXUHVGXHWRLPSODQWDWLRQZLWKDJLYHQLRQ
LVSURSRUWLRQDOWRWKHGSD7KHFRQVWDQWRISURSRUWLRQDOLW\EHWZHHQWKHPDJQHWLVPDQG
WKHGSDGHSHQGVRQWKHLPSODQWHGLRQ7KLVFRQVWDQWLVODUJHVWIRUKHDY\ODUJHLRQV7KLV
PD\EHFDXVHRIWKDWKHDY\LRQVLPSODQWHGLQWRWKHJUDLQVPLJKWFDXVHDPDUNHGJUDLQ
IUDJPHQWDWLRQOHDGLQJWRDQLQFUHDVHLQWKHYROXPHRIWKHVDPSOHRFFXSLHGE\JUDLQ
ERXQGDULHV7RREWDLQURRPWHPSHUDWXUHGPDJQHWLVPLQ=Q2QRQPDJQHWLFLRQVZLWK
KLJKPDVVDUHVXJJHVWHGWREHLPSODQWHGLQWR=Q2ILOPV$OWKRXJKGSDLVFRPPRQO\
XVHGDVDTXDQWLWDWLYH PHDVXUHRIUDGLDWLRQGDPDJHDQGLRQLPSODQWDWLRQLQGXFHGG
PDJQHWLVP LV IUHTXHQWO\ REVHUYHG H[SHULPHQWDOO\ WKHUH LV QR SUHYLRXVO\ SXEOLVKHG
UHSRUWRQWKHUHODWLRQVKLSEHWZHHQWKHYDOXHRIWKHGSDDQGWKHPDJQLWXGHRIPDJQHWLVP
LQLRQLPSODQWHG=Q2ILOPV 
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